Abstract-An electroless gold deposition method was used to fabricate gold nanotubes within the pores of polycarbonate and porous alumina template membranes. This approach provides control over the pore size of the membrane, with pore sizes being reduced to molecular dimensions. The effect of the pore size and surface chemistry on the transport properties of gold nanotube membranes has been explored. By modifying the membrane with a highly hydrophobic thiol, the separation of hydrophobic and hydrophilic molecules was achieved.
INTRODUCTION
Nanoporous membranes have shown great promise in the field of chemical separations, adsorption, biosensing, catalysis and drug delivery due to their porosity, high surface area, rich surface chemistry and simple up-scaling. Electroless deposition has recently been used to finely coat porous membranes with gold, forming gold nanotubes within the pores [1] [2] [3] . By controlling the deposition time, the inner pore diameter of the membrane can be reduced to molecular dimensions (~1nm) thus providing a means to separate molecules by size. The appeal of gold nanotube membranes for molecular separation is primarily related to properties of the gold such as its chemical inertness, temperature stability, conductivity and the ability to functionalise in order to tailor chemical surface properties. In recent years, studies have been devoted to improve the transport and separation properties of the gold nanotube membranes to perform a variety of separations including gas, ion, organic and biomolecule (DNA, protein) separation [2, 4] . This study is focused on the fabrication, chemical modification and characterisation of gold nanotube membranes using various porous membranes as a template. The pore size and surface chemistry is tailored to optimize their transport and selectivity properties. Surface modification of gold nanotube membranes using a highly hydrophobic self-assembled monolayer (SAM) of perfluorodecanethiol is applied for the first time to explore the selectivity towards hydrophobic/hydrophilic molecules (Fig.1) . Figure 1 . Schematic of the electroless plating process used to form gold nanotube membranes. The chemical selectivity of these gold membranes can be tailored with the addition of self-assembled monolayers such as perfluorodecanethiol (PFDT).
II. EXPERIMENTAL

A. Materials
The polycarbonate (PC) membranes (pore size 30nm, 80nm, 200nm and 800nm) and porous alumina (PA) membranes (Anodisc, pore size 200nm) were purchased from Whatman. The gold plating solution (Oromerse SO Part B) was obtained from Technic, Inc. (USA). Dyes, Tris(2,2'-bipyridyl)ruthenium(II) (Rubpy), pinacyanol chloride (PCN) and rose bengal (RB) were supplied from Aldrich. 1H,1H,2H,2H-perfluorodecanethiol (CF 3 (CF 2 ) 7 CH 2 CH 2 SH, PFDT). Dichloromethane, tin (II) chloride, trifluoroacetic acid, nitric acid, ammonia, methanol, formaldehyde, sodium sulfite, sodium bicarbonate, sulfuric acid, and ethanol 97% were purchased from Sigma-Aldrich (Australia) and used as received. Silver nitrate was obtained from Proscitech (Australia). 3-(triethoxysilyl)propylsuccinic anhydride was obtained from Gelest, (USA). Milli-Q water (18MΩ) was used for rinsing and preparation of all solutions. 
B. Electroless deposition of gold
The procedure for synthesizing gold nanotube membranes within porous membrane templates has been previously described by Martin et al. (Fig. 1) [3] . In the first step referred to as sensitization, the membrane was immersed into a solution of 0.026M SnCl 2 and 0.07M trifluoroacetic acid in a solvent of 50:50 methanol:water for 45min followed by rinsing in methanol for 5min. In the second step, referred to as activation, the membrane was immersed in a solution of 0.029M ammoniacal AgNO 3 for 7.5min. The membrane was then rinsed in methanol for 5mins and immersed in water before placing the membranes in the plating bath. In the third step, referred to as displacement deposition, the Ag coated membrane was immersed in the gold plating solution consisting of 0.079M Na 3 Au(SO 3 ) 2 , 0.127M Na 2 SO 3 , 0.625M formaldehyde and 0.025M NaHCO 3 . The temperature of this bath was ~1-4 o C with a pH of 8. The plating time was varied between 1-30 hours to achieve a variety of gold thicknesses. After plating, the membrane was thoroughly rinsed in water and immersed in 25% HNO 3 for at least 12h to remove any residual Sn or Ag followed by rinsing in water and air-drying.
Gold plating of PA membranes was achieved using a modified electroless deposition method described elsewhere [5] . The alumina membrane is first coated with the silane 3-(triethoxysilyl)propylsuccinic anhydride to provide sites for the chelation of tin.
C. Characterisation of gold nanotube membranes
Scanning electron microscopy (SEM) (Philips XL30) and transmission electron microscopy (TEM) (Philips CM100) have been employed to characterize the deposition of gold into the pores of the templates. To confirm the uniformity of the nanotubes inside the template, PC membranes were fully or partially dissolved with dichloromethane. Cross sections of the gold coated membranes were obtained by microtoming resin encapsulated gold membranes.
D. Functionalisation of gold nanotube membranes
Gold nanotube membranes were functionalized with the highly hydrophobic thiol; 1H,1H,2H,2H-perfluorodecanethiol by immersion in a 3mM solution in ethanol for 48h, followed by rinsing in ethanol and water.
E. Evaluation of transport properties and selectivity
Transport experiments were performed using a U-tube permeation cell in which the membrane separates two halfcells, a feed cell and a permeate cell. The permeate dye Tris(2,2'-bipyridyl)ruthenium(II) (Rubpy) was used to investigate the effect of plating time on the size of the pores. The effects of thiol functionalisation were obtained by monitoring the diffusivities of the hydrophobic dye, pinacyanol chloride, and the hydrophilic dye, rose bengal, across the modified gold nanotube membrane. In these experiments, the flux plot for a particular dye was determined with only that dye present in the feed solution. Then in a separate experiment the flux of the other dye molecule was measured. The transport of these dyes from the feed solution through the membrane and into the permeate solution was monitored with a UV-Vis fibre optic spectrophotometer (Ocean Optics, USA). Rubpy, PCN and RB were monitored at 453.05nm, 606.09nm and 552.20nm respectively. Separation of a mixture of the dye molecules was assessed based on the observed colour change in the permeate half-cell.
III. RESULTS AND DISCUSSION
A. Fabrication of gold nanotube membranes
Surface morphologies of fabricated gold nanotube membranes based on PC membranes are presented in Fig. 2 . Through coating the porous membrane a significant decrease in the pore diameter is observed in comparison with uncoated membranes (Fig. 2 inset) . By varying the pore size of PC membranes (from 30nm to 800nm) and using different gold deposition times (from 1-30h) it is possible to fabricate gold nanotube membranes with a variety of diameters. Varied plating times from 1h to 30h were used on PC membranes with 30nm pores to demonstrate the controllability of the inner diameter of the nanotubes.
The gold deposition kinetics can be varied by changing the concentration of gold, pH, and temperature of the plating bath. In this work, deposition parameters were carefully chosen in order to provide optimum gold deposition. An important factor to take into account is the preferential deposition of the gold into the pores rather than on the face of the membrane where the gold can potentially block the pore openings. A pH of 8 was chosen for the plating bath as it decreases the rate of the deposition reaction, thus allowing a more homogeneous layer of gold to form and also providing preferential deposition within the pores. A higher pH has been found to produce bottle-necked membranes in which the gold is preferentially deposited on the face of the membrane thus resulting in an increase in gold deposition at the pore openings compared to within the pores [4] . Fig. 3 exhibits a TEM image of a microtomed section of a gold plated polycarbonate membrane. The gold was deposited for 20h. The gold particles (black dots) line the entire length of the pore, therefore gold deposition is taking place within the depths of the pore and gold plating on the face does not obstruct the openings of the pores.
The structure of the gold deposition within the pores is examined with SEM by etching or dissolving the porous template to reveal the gold nanotubes. The top gold layer can be removed and the polycarbonate slowly etched away to expose the tips of the gold nanotubes (Fig. 4 a-b) . The gold nanotubes can be liberated from its template support by dissolving the entire polycarbonate membrane (Fig. 4 c-d) . If the gold surface is not removed before dissolution, the nanotubes can be found in a standing array on the gold surface, Fig. 4d . Through the investigation of the nanotube structures and by varying the deposition kinetics, optimal parameters for the electroless deposition can be obtained. In addition these platforms of arrays of gold nanotubes are believed to have characteristic plasmonic properties that could be used for biosensing applications (LSPR and SERS).
Gold plating of porous alumina membranes is achieved using a modified electroless deposition method. PA membranes are a magnitude thicker than polycarbonate membranes thus a masking procedure is utilized. This technique inhibits deposition on the faces of the membrane and promotes deposition within the pores. Fig. 5 displays liberated gold nanotubes which were formed within a 200 nm porous alumina template. Lengthy, high quality gold nanotubes were obtained. These results confirm that PA provides another template to form gold nanotube membranes with different morphologies to that of a gold membrane templated on polycarbonate. The polymeric templates used previously have a low porosity (<15%). In contrast, porous alumina has a very high porosity (30-50%) and a more uniform pore structure, thus allowing greater flux providing the thickness of the porous alumina is decreased to the same order as polycarbonate. This method allows fabrication of template-free gold nanotubes with different lengths and pore size which is an attractive nanomaterial for a variety of applications.
B. Transport and selectivity properties of gold nanotube membranes
The transport properties of gold nanotube membranes were investigated by monitoring the diffusion of a molecule across the membrane. Furthermore, the transport of a molecule through a gold nanotube membrane can provide insight into the mechanism behind electroless deposition such as the decrease in pore size with increased deposition time. Fig. 6 presents transport data of Rubpy across gold nanotube membranes plated for various times. The flux of the dye is found to decrease with plating time (Fig. 6 inset) thus confirming that the pore size of the membrane decreases with plating time. Molecular separation by gold nanotube membranes using their sieving properties, surface chemistry and other strategies such as electrophoretic and electro osmotic procedures have been reported [6] . Previous studies have shown that the transport properties and selectivity of gold nanotube membranes could be controlled by functionalisation using thiol chemistry [7] . The selectivity toward hydrophobic and hydrophilic molecules using SAMs terminated with COOH and CH 3 groups was demonstrated [7] . However, a limited variety of thiols were explored and here we present for the first time the modification of gold nanotube membranes with the highly hydrophobic thiol PFDT. The transport of hydrophilic (RB) and hydrophobic (PCN) dyes through the functionalised gold membrane was monitored separately (Fig. 7) . It is clear that the hydrophobic dye is allowed to pass through the membrane whereas the transport of the hydrophilic dye is significantly hindered. Furthermore, separation of the two dyes has been demonstrated. With a mixture of the two dyes, only PCN was observed to diffuse across the membrane signified by a blue colour in the permeate solution. This result confirms that highly hydrophobic SAMs such as PFDT can be successfully used to separate hydrophobic from hydrophilic molecules. Further transport and electrochemical studies using a series of different SAMs are underway to explore their properties inside of the pores.
IV. CONCLUSIONS
Gold nanotube membranes were synthesized using the template-based electroless deposition technique, forming gold nanotubes within the pores of two porous templates (polycarbonate and porous alumina membranes). The fabrication of gold nanotube membranes with desired pore diameters was demonstrated. Investigations into the structure of the templated nanotubes gave insight into optimization of the plating parameters to ensure high quality gold membranes. Permeation experiments demonstrated the dependency of plating time on the pore size of the gold membranes. Transport and selectivity properties of gold nanotube membranes can be varied by functionalisation using thiol chemistry. A functionalized membrane using a fluoro based hydrophobic SAM (PFDT) showed excellent selectivity for the separation of hydrophobic and hydrophilic molecules. In addition, fabrication of gold nanotube arrays and template-free gold nanotube membranes was demonstrated which provide useful nanomaterials for diverse applications.
